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ABSTRACT 
High-speed blobs of hydrogen plasma a r e  focussed by 
coaxia l  gun having a convergent b a r r e l  i n  t h e  shape of a 
means of a 
frustum of 
/\' a cone. The foca l  po in t  i s  a t  t h e  v i r t u a l  ver tex .  The plasma a rea  a t  
t h e  f o c a l  po in t  i s  about 1/100 t h e  breech a rea ,  and about 1/4 t h e  
muzzle a rea .  About one mill igram of cold gas introguced through a 
fas t -ac t ing  valve i n i t i a t e s  an e l e c t r i c  discharge a t  t h e  breech 
between t h e  conica l  b a r r e l  and a c y l i n d r i c a l  cathode rod on t h e  a x i s ;  
t h e  b a r r e l  i n i t i a l l y  being evacuated t o  a pressure  of t o r r .  Plasma 
and discharge propagate t o  t h e  muzzle where t h e  plasma i s  expel led i n t o  
vacuum. When t h e  b a r r e l  i s  emptied of plasma, t h e  discharge 
ext inguishes .  Image-converter camera p i c t u r e s  ind ioa te  a muzzle 
ve loc i ty  not l e s s  than 5x10 7 cm/sec. Impulse measurements from t a r g e t  
8 
d i s c s  a t  t h e  plasma focus suggest an average ve loc i ty  of about 2x10 
and an energy f l u x  of about 200 megawatts/cm 
i n i t i a l l y  ava i l ab le  i n  t h e  capacitor-bank d r i v e r ,  about 1200 jou le s  a r e  
cm/sec, 
2 Of t h e  5000 jou le s  
t r ans fe r r ed  t o  t h e  plasma. 
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This paper d iscusses  design f e a t u r e s  of a unique plasma gun and 
r e p o r t s  r e s u l t s  of prel iminary t e s t s  t h a t  i n d i c a t e  a very high 
performance capab i l i t y .  Experiments with converging anode-barrel 
designs i n d i c a t e  t h a t  t h e  plasma beam can be focused through a small 
area.  Plasma gun performance i s  presented i n  terms of measurements of  
plasma v e l o c i t y .  
v e l o c i t i e s  of t h e  order 10  
The converging b a r r e l  design produced plasma 
8 cm/sec as ind ica ted  by prel iminary exper- 
iments. 
performance t e s t s  a r e  reviewed with cons idera t ion  given t o  var ious  
techniques which were employed t o  measure t h e s e  high plasma v e l o c i t i e s .  
This surpasses t h e  performance of any e x i s t i n g  plasma gun. The 
The focusing e f f e c t  and t h e  acce le ra t ion  of plasma t o  high speeds 
are both goa ls  of primary importance i n  plasma gun research  and 
development. 
i n  con t ro l l ed  thermo-nuclear r e a c t i o n  research .  I n  add i t ion ,  for plasma 
For example, t h e s e  f e a t u r e s  a r e  of g r e a t  importance 
t h r u s t e r s  i n  space power app l i ca t ions ,  t h e  performance ind ica ted  by t h e  
r e s u l t s  repor ted  he re  would y i e l d  s p e c i f i c  impuslse values of l o 5  seconds 
with an accompanying t h r u s t  f o r c e  of t h e  order 400-500 newtons. 
\ 
The plasma guns t h a t  were b u i l t  and t e s t e d  a r e  shown i n  f i g u r e  1. 
Three anode b a r r e l s  had a common breech t h a t  cons is ted  of t h e  gas  
i n j e c t i o n  mechanism and a coax ia l  c y l i n d r i c a l  cathode. 
cons is ted  of a s t r a i g h t  tube  design and two tapered  tubes  of 3 and 
?-degrees h a l f  angle having i d e n t i c a l  muzzle diameters. 
t apered  anode b a r r e l  was s h o r t e r  by 1 0  cm. 
The anode b a r r e l s  
The 5-degree 
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Cer ta in  d i f f e rences  e x i s t  i n  t h e  design of t h e  present  gun and 
o ther  t ypes  of plasma guns. F i r s t ,  wi th  a t t e n t i o n  d i r ec t ed  t o  t h e  
breech mechanism of  Figure 1, t h i s  design permits  in t roduct ion  of an 
extremely s m a l l  gas  load.  
valve-coi l  arrangement shown. By means of t h e  puff valve and t h e  gas  
pocket conf igura t ion ,  t h e  p a r t i c l e  f r o n t  expands i n t o  t h e  gun chamber 
with a uniform, high-pressure f r o n t .  I n  opera t ion ,  t h e  chamber con- 
t a i n i n g  t h e  plasma gun i s  evacuated t o  a pressure  of  t h e  order  
This  i s  accomplished by using t h e  "puff" 
5 X l O - '  mm Hg. A high vol tage  (about 1 5  kv) i s  appl ied between anode 
and cathode. A swi tch less  discharge scheme i s  employed; consequently, 
t h e  necessary e l e c t r i c a l  t ransmission l i n e s  between t h e  capac i tor  bank 
and t h e  plasma gun can be extremely shor t .  The inductance of  t h e  system 
i s  cont r ibu ted  mostly by t h e  gun p a r t s  themselves r a t h e r  than  by t h e  
cables .  This  f e a t u r e  should r e s u l t  i n  a high e f f i c i ency  of energy 
t r a n s f e r .  A puff of hydrogen i s  introduced i n t o  t h e  pocket at t h e  
breech. The gas i s  in j ec t ed  by means of a valve d i s c  ac tua ted  by a 
very high speed solenoid valve.  
capac i tor  i n t o  t h e  three- turn  c o i l .  The r ing ing  frequency of t h e  
The valve i s  opened by discharging a 
capacitor-coil-combination i s  about 55 k i l o h e r t z .  Hawever, a nonl inear  
damping scheme i s  used t o  produce a s i n g l e ,  high cur ren t  pu lse  and a 
r ap id ly  damped o s c i l l a t i o n  t h e r e a f t e r .  Therefore ,  only a s i n g l e  
impulse i s  de l ivered  t o  t h e  va lve*d i sc .  
c h a r a c t e r i s t i c s  including t h e  independence of opera t ing  vol tage  as w e l l  
as t h e  o v e r a l l  r ep roduc ib i l i t y  i s  contained i n  re ference  1. 
A desc r ip t ion  of  t h e  valve 
A f t e r  l eav ing  t h e  "puff" va lve ,  t h e  gas  charge e n t e r s  t h e  gas 
po-ket volume i n  t h e  breech sec t ion .  The gas pocket i s  an  annular 
-3- 
cav i ty  at t h e  base of t h e  cathode. A s  t h e  gas leaves  t h e  valve p o r t s ,  
it expands r a d i a l l y  t o  b u i l d  up t h e  s tagnat ion  pressure  i n  t h e  gas  
pocket c a v i t y  before  it expands i n t o  t h e  b a r r e l .  
The a c t u a l  discharge occurs when t h e  gas from t h e  gas  pocket 
c a v i t y  ( r e s e r v o i r )  expands i n t o  t h e  barrel  reg ion  t o  provide a 
favorable  breakdown condi t ion .  It i s  conjectured t h a t  t h e  gas pocket 
c a v i t y  design causes a s lug  of high pressure  gas t o  move i n t o  t h e  
b a r r e l  where e l e c t r i c a l  breakdown and t h e  a c t u a l  discharge occurs .  
The improvement i n  t h e  measured gun performance i s  cons is ten t  with 
t h i s  flow model. Therefore,  with t h i s  gun design a high pressure  
breakdown occurs i n s i d e  t h e  b a r r e l  where t h e  plasma i s  expanding. 
This discharge i s  i n i t i a t e d  by a "reverse-Paschen curve" phenomenon. 
The a c t u a l  discharge phenomena within t h e  gun b a r r e l  i s  not w e l l  
understood. The d e t a i l s  must be considered as conjec ture  at t h i s  
po in t .  
i s  normal t o  both cathode and anode su r faces .  After breakdown occurs ,  
t h e r e  w i l l  a r ise  a current-induced electro-magnetic f i e l d ,  B ,  t h a t  i s  
normal t o  t h e  l o c a l  3 f i e l d .  
d i r e c t i o n  d i c t a t e d  by t h e  l o c a l  d X 5 d i r e c t i o n .  
focusing of t h e  plasma occurs when t h e  E vec tor  f i e l d  assumes a curved 
shape due t o  t h e  con ica l  b a r r e l  boundary. 
J u s t  before  breakdown, an e l e c t r o s t a t i c  f i e l d ,  3 ,  ex i s t s  t h a t  
+- 
The plasma then  i s  acce lera ted  i n  t h e  
Fdr t h i s  model, a 
+ 
To t e s t  t h i s  discharge model, 
a series of tes ts  were made with t h e  t h r e e  gun b a r r e l  conf igura t ions  t o  
ob ta in  evidence of plasma convergence. The t e s t  se tup  i s  shown i n  
f i g u r e  2 .  
the p res su re  w a s  lowered t o  5X10-7 mm H g .  Evidence of focusing w a s  
obtained by examining a metal t a r g e t  l oca t ed  up t o  1 meter from t h e  
The e n t i r e  plasma gun was enclosed i n  a long pyrex tube  and 
-4- 
plasma gun muzzle. 
s t a t i o n s  by means of a s t i n g  support  system. 
bore)  anode b a r r e l  showed no evidence of focusing. 
showed a "doughnut--shaped" damage zone which w a s  t h e  same s i z e  as t h e  
gun muzzle. I n  t es t s  with t h e  two converging anode b a r r e l s ,  a focusing 
e f f e c t  w a s  achieved. I n  f i g u r e  2,  one can see t h e  damage area confined 
t o  a region about 1 cm i n  diameter on a tungs ten  metal t a r g e t .  
w a s  chosen as t h e  t a r g e t  material after prel iminary tes t s  with aluminum 
had indica ted  convergence. Due t o  t h e  high sur face  melting temperature 
and hardness of tungs ten ,  a sharper grad ien t  i n  t h e  sur face  ab la t ion  
The metal t a r g e t  could be placed a t  var ious  
The s t r a i g h t  ( p a r e l l e l  
The m e t a l  t a r g e t  
Tungsten 
zone r e s u l t s  which y i e l d s  a b e t t e r  d e f i n i t i o n  of t h e  focused plasma 
beam. Further  evidence of t h e  plasma configurat ion was obtained from 
image converter  camera p i c t u r e s  which are shown on t h e  bottom of 
f i g u r e  2.  
7 .5  cm i n  diameter.  The pyrex envelope i s  10  cm i n  diameter and t h e  two 
c o i l s  are dimagnetic probes which are 10  cm a p a r t .  
i n  t h e  sequence w a s  made by t r i g g e r i n g  t h e  image converter  camera as 
e a r l y  as poss ib l e ;  inherent  i n t e r n a l  delay i n  t h e  system, however, w a s  
about 150 nanoseconds. 
sur face  of t h e  t a r g e t  i nd ica t e s  t h a t  t h e  plasma indeed is  focused i n t o  a 
s m a l l  area and then  flows r a d i a l l y  outward from a s tagnat ion  zone. 
area between t h e  t a r g e t  and t h e  plasma gun appears t o  conta in  no 
s i g n i f i c a n t  r a d i a t i o n  source.  Due t o  d i s t o r t i o n  e f f e c t s  a t  wider l e n s  
openings and camera l i m i t a t i o n s ,  it w a s  not  poss ib l e  t o  make exposures at 
The f irst  p i c t u r e  shows a copper metal t a r g e t  which i s  about 
The second p i c t u r e  
The shape of  t h e  self-luminous plasma on t h e  
The 
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lower f numbers t o  increase  t h e  r a d i a t i o n  s e n s i t i v i t y .  
The plasma flow at t h e  t a r g e t  i s  shown some 300 nanoseconds 
Operating condi t ions  of t h e  gun f o r  t h i s  l a t e r  i n  t h e  t h i r d  p i c t u r e .  
t e s t  were i d e n t i c a l  with those  considered previously.  
t h e  in t ense  plasma w a s  confined t o  a small zone ( l e s s  than 2 cm i n  
diameter as ind ica ted  by t h e  b r igh t  zone a t  t h e  t a r g e t ) .  
zone c o n s i s t s  c h i e f l y  of ab la t ed  su r face  m a t e r i a l .  The ab la t ed  a rea  
i s  somewhat l a r g e r  than  t h e  focused plasma spot due t o  t h e  s tagnat ion  flow 
One can see t h a t  
The luminous 
ind ica ted  i n  t h e  second photograph. 
boundary and has r e f l e c t e d  back toward t h e  muzzle which i l lumina tes  t h e  
e n t i r e  volume. 
a t  t h e  l e f t  i n  t h e  p i c t u r e . )  
flow between t h e  t a r g e t  and t h e  pyrex tube.  
The plasma has flowed up t o  t h e  tube  
(The shadow of t h e  upstream dimagnetic probe appears 
Note t h a t  t h e  plasma has no tendency t o  
The bottom r i g h t  p i c t u r e  shows t h e  damage zone of t h e  metal  (copper) 
t a r g e t .  The e f f e c t s  of t h r e e  f i r i n g s  a r e  shown. ,The t a r g e t  w a s  
i n i t i a l l y  h ighly  polished; hence, only a rough zone w i l l  show s c a t t e r e d  
l i g h t .  Notice t h a t  t h e  cen te r  po r t ion  of t h e  impact area on t h e  t a r g e t  
shows d i f f u s e  l i g h t  s c a t t e r i n g .  Under c l o s e  examinatign, t h i s  zone shows 
t h e  same c h a r a c t e r i s t i c s  of an ab la t ed  copper su r face  which undergoes 
melt ing and subsequent flow as w e l l  as e b u l l i t i o n .  
The remainder of t h i s  paper considers t h e  techniques employed t o  
measure t h e  energy content of t h e  plasma as it leaves  t h e  gun. Since 
t h e  "puff" va lve  arrangement d e l i v e r s  a f ixed  amount of gas  i n t o  t h e  
system, t h e  v e l o c i t y  of t h e  plasma becomes a measure of energy. 




1. Time  of f l i g h t  which employed t h e  image converter  camera 
which is  operated a t  very s m a l l  t i m e  i n t e r v a l s  between exposures. 
2 .  Momentum exchange between plasma and t a r g e t  which was 
measured with a c a l i b r a t e d  p iezo-e lec t r ic  probe. 
3 .  Veloci ty  measurement by observat ion of t h e  doppler- 
s h i f t e d  wavelength of H r a d i a t i o n  using photographic spectroscopy. 
The plasma leaving  t h e  gun muzzle i s  probably i n  a non-equilibrium 
condi t ion .  Therfore ,  t h e r e  i s  no d e f i n i t e  f r o n t  t h a t  one can a s soc ia t e  
with t h e  plasma. 
measures a d i f f e r e n t  energy l e v e l  of t h e  moving plasma. Consequently, 
t h e  measurements should be viewed as e s t ab l i sh ing  l i m i t s  or order  of 
magnitude as opposed t o  specifying exact v e l o c i t y  measurements. The 
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Moreover, each of t h e  t h r e e  methods used probably 
t h r e e  methods discussed here  d i d ,  however, produce t h e  same order  of 
magnitude f o r  t h e  plasma v e l o c i t y  - which i s  approximately 10  a cm/sec. 
Figure 3 shows t h e  f irst  method which employed an image converter  
camera t o  measure t i m e  of f l i g h t  f o r  t h e  luminous plasma. 
plasma leaves  t h e  gun muzzle, a l i g h t  sensor ac tua t e s  a t r i g g e r  f o r  t h e  
STL image converter  camera. The image converter  camera t akes  a series 
of p i c t u r e s  with 5 nanoseconds exposure time and with a p rese t  de lay  
between p i c tu re s .  The p i c t u r e  i n  t h e  middle shows t h e  r e l a t i o n  between 
t h e  muzzle and target ;  flow i s  from l e f t  t o  r i g h t .  On t h e  bottom l e f t  
row of f i g u r e s  i s  shown r e s u l t s  of a test  i n  which t h e r e  w a s  500 
nanoseconds between exposures. The f irst  p i c t u r e  shows t h e  plasma has 
emerged from t h e  gun but  has  not y e t  a r r ived  a t  t h e  t a r g e t .  
A s  t h e  
(The 
r e l a t i v e  pos i t i on  of t h e  plasma can be compared with t h e  middle p i c t u r e  
of f i g u r e  3 . )  A t  a t i m e  500 nanoseconds l a t e r ,  t h e  plasma has a r r ived  
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a t  t h e  t a r g e t  and has undergone r e f l e c t i o n  back towards t h e  gun. 
another 500 nanoseconds, t h e  plasma has r e f l e c t e d  back i n t o  t h e  gun 
A f t e r  
muzzle. From t h e  known dimensions and t i m e  i n t e r v a l s ,  one c a l c u l a t e s  a 
plasma ve loc i ty  of 3x10 7 cm/sec. I n  an attempt t o  ob ta in  improved t i m e  
r e so lu t ion ,  t h e  t e s t  w a s  repeated with 200 nanoseconds de lay  t i m e  between 
p i c tu re s .  These p i c t u r e s  are shown i n  t h e  lower r i g h t  column i n  f i g u r e  3.  
The t o p  p i c t u r e  shows t h a t  t h e  plasma a r r ived  a t  t h e  t a r g e t  i n  about 
200 nanoseconds. After  another 200 nanoseconds, t h e  plasma j e t  i s  
r e f l e c t e d  back towards t h e  nozzle.  This i nd ica t e s  a ve loc i ty  cf 
7.5X10 cm/sec. 7 
Momentum measurements were made with a p i e z e e l e c t r i c  probe 
arrangement shown i n  f i g u r e  4. 
behind a b ras s  d i s c  which was mounted a t  t h e  f o c a l  point  of  t h e  
conical-barreled plasma gun. The output of t h e  probe i s  recorded 
The p i e z o e l e c t r i c  probe w a s  mounted 
d i r e c t l y  on a Tektronics  Type 555 dual-beam osc i l loscope .  P r io r  t o  
each discharge,  t h e  probe w a s  c a l i b r a t e d  with a co ld  gas  impulse. 
The t o p  two osc i l loscope  t r a c e s  show t h e  probe output f o r  two t i m e  
s ca l e s  - 5 psee/cm and LOO psec/cm. From t h e  t o p  t r a c e ,  t h e  peak 
vol tage  output  (32 v o l t s )  i s  obtained.  The second t r a c e  - with a 
long t i m e  base - shows t h a t  a very c l e a r  sharp pulse  w a s  obtained.  The 
t h i r d  t r a c e  i s  f o r  t h e  co ld  flow only (no d ischarge) .  
c o n s i s t s  of  t h e  sp ike  a t  t h e  l e f t  of t h e  t r a c e .  The bottom t r a c e  i s  t h e  
cur ren t  t r a c e  corresponding t o  t h e  f irst  two p i c t u r e s .  Notice t h a t  t h e  
probe g ives  a continuous s i g n a l  f o r  a much longer t i m e  than  t h a t  during 
which cur ren t  f lows; i . e . ,  a probe s i g n a l  i s  observed beyond 20 psec 
when t h e  cur ren t  i s  no longer  flowing. This  i s  due t o  i n e r t i a  of t h e  
probe which r e s u l t s  i n  an apparent mass i n t e g r a t i o n  e f f e c t .  Provided 
The s i g n a l  
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t h a t  t h e  mass in j ec t ed  i n t o  t h e  gun i s  t h e  same under both discharge 
and cold-flow condi t ions,  t h e  change i n  momentum w i l l  be propor t iona l  
t o  t h e  change i n  ve loc i ty .  For t h e  measurements shown, t h i s  i nd ica t e s  
an average plasma ve loc i ty  of 1.9XlO 8 cm/sec. 
I n  f i g u r e  5 t h e  arrangement for measuring ve loc i ty  by t h e  doppler 
s h i f t  method i s  shown. Doppler s h i f t  spec t r a  of t h e  H l i n e  r a d i a t i o n  
were obtained a t  t h e  focus point  of t h e  converging b a r r e l  system. 
h 
By 
means of a beam s p l i t t e r  p l a t e ,  it i s  poss ib le  t o  simultaneously focus 
two beams t h a t  a r e  or ien ted  90' and 45' r e l a t i v e  t o  the  gun a x i s  onto 
t h e  entrance s l i t  of a spectrograph. 
2 .5  meter J a r r e l i  Ash spectrometer w a s  used. 
For t h e s e  tes ts  a high r e so lu t ion  
A s l i t  width of 500 p 
and a s l i t  height  of 2 mm confined t h e  measurement t o  d i s c r e t e  
r ad ia t ing  volumes on t h e  plasma t r a j e c t o r y  a t  t h e  foca l  po in t .  The 
r e l a t i v e  motion t h a t  e x i s t s  between t h e  two beam d i r e c t i o n s  r e s u l t s  i n  
a doppler s h i f t  of r ad ia t ion  from t h e  plasma. 
emission i n  the region of t h e  H 
ha l f  of  t h e  f i g u r e .  
f o r  t h e  H l i n e .  
corresponds t o  a plasma ve loc i ty  of 1.4XlO 
A spectrograph of t h e  




A doppler s h i f t  of approximately 2 1  A i s  observed 
0 
For t h e  instrument d ispers ion  of 7.4 A/mm, t h i s  a 
8 cm/sec. 
I n  summary, t e s t s  were made of a plasma gun system with anode 
b a r r e l  design as a primary va r i ab le .  
tube b a r r e l  and two conica l  b a r r e l s  of 3O and 5' ha l f  angle were 
s tudied.  
does not focus t h e  plasma. 
focus ( o r  converge) t o  a spot about 1 ern i n  diameter.  
Cha rac t e r i s t i c s  of a s t r a i g h t -  
It has been demonstrated t h a t  t h e  s t ra ight - tube  b a r r e l  design 
The two conica l  b a r r e l s  cause t h e  plasma t o  
The beam energy 
. I  , 
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( i n  terms of plasma v e l o c i t y )  f o r  t h e  converging b a r r e l  design w a s  
measured by t h r e e  methods. 
t a b l e  : 
Results a r e  summarized i n  t h e  following 
METHOD INSTRTJMENT PLASMA VELOCITY, cm/sec 
8 
1. Time of F l igh t  Image Converter Camera 0.8~10 
2 .  Momentum P iezoe lec t r i c  Probe 1.9XlO 
(200  nanosec r e so lu t ion  
8 
8 
3. Doppler S h i f t  of Ha Photographic Spectrograph 1.4X10 
A l l  measurements i nd ica t e  a ve loc i ty  of  t h e  order  10  8 cm/sec. This 
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